Abstract: Although the impact of vegetation and other environmental factors on the distribution of terrestrial invertebrates has been known since the 1950s, basic knowledge about their interaction with micro-landscape elements is lacking. In experimental model systems, the impact of varying local spatial resistance (LSR) on the distribution of Tenebrio molitor individuals was analysed in the laboratory. In the setups, LSR led to a reduction of the average distance covered (move step length) and a reduction of the velocity (the maximum speed ranging from 36.1 in the control groups to 20.4 [mm*step −1 ] in areas with a maximum LSR). Also, the covered distances per individual varied among three groups, from 2.97 m in the control to 1.11 m in areas with medium LSR to 0.88 m in areas with maximum LSR. Thus, in areas with LSR, animals were forced by their habitats to perform shorter move steps on average and covered less distance. The distance covered (i.e., dispersal performances) were not correlated with such factors as sex, weight and length of the Tenebrio individuals from other studies. Analysis of the data for net squared displacement indicated that the dispersal of the beetles did not follow a diffusion process. The move step directions of the dispersal data showed pronounced autocorrelation, which means that in contrast to other findings, the individuals were not performing a random walk. This effect was strongly dependent on the temporal resolution (i.e. grain), and was also influenced by the experimental conditions. The entire array of data showed high variability among the sub-groups (as well as many outliers), revealing nonparametric characteristics. The results showed that the specific physical configuration of suitable habitat for Tenebrio is one of the key indicators of landscape connectivity on the micro-scale.
Introduction
Dispersal of individual between suitable habitat patches is a key factor in understanding the characteristics of distribution and abundance of organisms [1] and the spatiotemporal structure of populations [2] [3] [4] [5] . Moreover, dispersal plays a key role in ecological processes such as the allocation of resources [6, 7] , predator/prey interactions [8] and mating strategies [9, 10] . Dispersal and movement processes are most clearly indicated in arthropods [4] . Ground forms of arthropods constitute a major part of the soil fauna in terrestrial habitats of temperate climate zones [11, 12] . Macroarthropods, such as tenebrionids (Coleoptera: Tenebrionidae) and carabid beetles (Coleoptera: Carabidae), represent an important group of endogaic and epigaic organisms that play a crucial role in the soil food web structure of Central European habitats [13, 14] . Correspondingly, these macro-arthropods have been thoroughly investigated and have been the focus of research on biodiversity [15] , bioindication [16, 17] , systematics [18] , soil food webs [19] , and land use changes [20] .
Landcape connectivity indicates the degree to which it facilitates or impedes interpatch dispersal, and includes both physical and behavioral criteria [21] . Indicators of the physical interrelationship include corridor connections, patch and corridor qualities, and patch and corridor spatio-temporal positions [22] . With few exceptions, it is rare to find empirical data that describe key parameters (like movement patterns and rates) of landscape connectivity [23] , and even rarer are data comparing movement behavior among patches that differ in structure qualities [23, 24] .
In real landscapes, micro-landscape factors, such as vegetation and gravel stones or litter, influence the dispersal velocity of epigeic invertebrates that move through these barriers [25] . In this context, local spatial resistance (LSR) is a measure of the reduction of velocity occurring when an organism interacts-during its dispersal-with the physical patch qualities of the density and the arrangement of micro-landscape elements. Other studies confirm the important influence of small-scale vegetation density and heterogeneity in determining the movement characteristics of epigeic invertebrates [26] [27] [28] . Crist et al. [27] studied Eleodes (Coleoptera: Tenebrionidae) in a short-grass prairie landscape and revealed that the beetles' movements were strongly influenced by vegetation structure, with net displacements [29] highest on bare ground and in different grass-cover types, and lowest in cactus and shrub. In line with these findings, Wiens et al. [26, 28] discovered that the distance moved per unit of time no longer relied on factors such as whether beetles moved over bare ground than among grass.
Although the basic concept of LSR seems to be affirmed by these findings, not many systematic recordings of the impact of different types of landscape elements and densities on invertebrates' dispersal performances are found in literature. Morales and Ellner [30] used experimental model systems (EMS, [26, 31] ) to answer the question whether a random walk framework can be used to translate small-scale, within-patch movement data to larger scale spread in heterogeneous landscapes. Combining computer simulations and EMS, [32] showed that landscape structure at boundaries interacts with movement be-havior of Tribolium confusum (Coleoptera: Tenebrionidae) and produces long persisting transient leptokurtic redistribution curves.
Jopp and Reuter [33] performed individual-based computer simulations [34, 35] to demonstrate the effect of LSR on carabid dispersal in heterogeneous landscapes. LSR was implemented as a factor that directly reduced the length of the daily move steps of the carabid individuals (for the principle of discretisation of move steps: Material & Methods). As a consequence, the simulated carabid individuals slowed down in areas with high LSR and aggregated there. Generally, Jopp and Reuter [33] found that the response of the simulated beetles on the variation of LSR was linear: moderately enhancing LSR in a certain area led to respective aggregation; deviations from this rule were found only in areas with extremely high LSR.
Based on these theoretical works, this study constructed three different types of EMS with varying LSR-magnitudes to empirically test the impact of LSR on micro-scale dispersal of individuals of Tenebrio molitor L. (Coleoptera: Tenebrionidae). With this approach it was possible to investigate how variation in LSR affects dispersal key quantities like the beetles' choice of direction and step length, net displacements and autocorrelation of the dispersal data under laboratory conditions.
Material and Methods

Data Acquisition
Three single EMS were constructed using flat white plastic boxes of 70x70x10 cm. The bottom of the boxes consisted of a panel of polystyrene. The desired densities of LSR were produced as random maps of spatial point patterns. For this purpose, random deviates of the uniform distribution in the enhanced standard interval [-1.0; 1.0] with final densities of 4500 and 6500 points were generated with the statistic software R [36] . These random maps were plotted as posters with an extent of 70×70 cm and mounted inside the plastic boxes on the top of the polystyrene panel. In every point of the two random maps a single toothpick (length: 7 cm, max. width: 1.9 mm) was plugged-in perpendicularly. Finally, the whole inner setup of the plastic boxes was sprayed with white odor-neutral, synthetic resin-paint and was dried for one week. The third EMS-design was constructed exactly in the same way as the other two setups except for the toothpicks. This setup was employed in the experiments as the control to monitor unhindered dispersal in absence of LSR.
Nineteen Tenebrio molitor individuals from a laboratory breed were used for the dispersal experiments. In preliminary tests, no significant difference in night and daytime activity of the individuals was found. Therefore, experiments were conducted during the entire day, one in the morning and one in the afternoon, repeated under laboratory conditions and with diffuse indirect artificial light: the photoperiod in the laboratory was adjusted to 11 hours daylight, the temperature was constantly held at 21 degrees celsius, the relative humidity was about 30%. Performing the measurements, the beetles were solitarily placed successively inside the middle of the three setups control (no LSR), LSR1 (low LSR density: represented by 4500 toothpicks) and LSR2 (high LSR density: represented by 6500 toothpicks). Every individual was tested in the morning and the afternoon in three separate trials. Before the recordings started, the beetles had an adaptation phase of two minutes, consequently starting positions were at random. For the general design of the LSR-densities of the three setups see Fig. 1 . At the end of each day, the beetle-individuals were fed moderately. By keeping the animals during the pauses and after the end of the daily measurements separated in small open plastic boxes, the individuals could be adressed individually. Fig. 1 Design of the three EMS-setups, all setups are 70 × 70 cm. (a) is the control with no LSR (no toothpicks). In (b) a moderated LSR is realised with 4500 mounted toothpicks. In (c) a strong LSR is realised with 6500 mounted toothpicks. For the three setups, the corresponding names control, LSR1 and LSR2 were maintained throughout the analysis.
During each of the three trials, a web-cam was mounted generating Audio-VideoInterleave-videos (AVI) with a resolution of 640×480 pixel. This was sufficient to resolve the whole setup und to make every change in motion detectable. Due to the fact that AVI-videos use the dynamic keyframe-technique (record only every 12 th until 17 th image as full image, depending on the contents) there is a small error in time-recording which was measured in preliminary experiment with 2-3% at maximum. During each run, every Tenebrio individual was monitored for the time of 14 minutes. After a variable adaptation-phase of at least two minutes per run, each individual was video-taped during dispersal for the duration of approximately 10 minutes. If the beetles showed, after pausing two minutes, no more motivation to move, the experimental trial was aborted. Before analysing the video, the free movie converter and processor VIRTUAL-DUB-1.6.12 (under terms of the GPL) was used to cut all single video files to the same size of exactly 10 minutes. Automatic pattern recognition of the dispersing Tenebrio individuals was performed with the free software VIANA-3.64 [37] of which the authors provided a readjusted version for this purpose. After the end of the survey, Tenebrio individuals were killed and measured directly in terms of size, weight and sex.
Data Analysis
As a result of the video processing and the automatic pattern recognition the local x/y-positions of the Tenebrio individuals during the runs were achieved with a temporal resolution of two times per second. The x/y-coordinates were then transformed to polar coordinates to indicate successive step lengths and turning angles that were measured against the previous movement vector [38] . Turchin [4] explains, when discretising movement patterns that were recorded at fixed time intervals, every move step of an individual consists of one step length and one turning angle. This discretisation process of the movement pattern results in species-specific distributions of step lengths and turning angles. When working with mark-recapture-, telemetrical or other individual-focused data gathering methods on epigeic arthropods or organisms of comparable dispersal habit, the discretisation of the dispersal data is a standard method of analysis (see [4, 33, 38, 39] ).
Apart from standard exploratory and concluding data analysis techniques, net squared displacement (NSD) and autocorrelation of the data were performed. NSD is a post-hoc test by [29] to detect whether the animals perform a correlated random walk (CRW). After subdividing the data set into four parts of equal size, the control quantity NSD can be calculated. First, NSD is computed for the first part of the data set. Then, NSD is calculated for the first and the second part; then for the first three parts and finally for the entire data set (see Appendix for algorithm). If NSD grows linearly, the whole dispersal process behaves diffusion-like, because for large numbers CRW converges against diffusion [4, 38, 40] .
Autocorrelation is a well known phenomenon of time series data [41] but is also known for geostatistical process data [42] . In this case, autocorrelation was used to assess the random proportion within the dispersal data. Statistically, the procedure tests whether the observed value of a variable at one position of the data set is significantly dependent on values of the variable at other points of the data set [43, 44] . By recursively comparing the sequence to itself at succesive points of distance, the self-similar qualities of the data can be determined. The distance between any two points is referred to as lag [44, 45] . The calculation of the empirical autocorrelation factor follows [41] : r(τ ) = cov(τ )/var(x), where τ is the lag. Here, because of the highly resolved grain of the dispersal data, the change in autocorrelation as a function of the varying grain size of the data set was exemplary investigated for selected Tenebrio individuals and setups.
All statistical analyses were done with the statitistic software R [36] .
Results
Dispersal performances in the three setups
In total, the 19 Tenebrio individuals moved in the three setups control, LSR1 and LSR2 46841 single move steps where they covered a distance of 47 375 mm (47.38 m) within the experimental time. Because the individual beetles had variable motiviations to move within the EMS (see Table 1 ), the extent of the data was standardized to the extent of 10 minutes to compare the covered distances (see Table 2 ). Based on these extrapolations, the individuals covered significantly different distances in-between the three setups: totally, 63.82 m in the control, 32.59 m in LSR1 and 30.01 m in LSR2. Average distance per individual was 2.96 m in the control, 1.11 m in LSR1 and 0.88 in LSR2 (X-squared=16.751, df=2, p-value<0.000; see Table 2 ). The medians in the three setups are significantly different: 3.0 in the control, 1.3 in LSR 1 and 1.1 in LSR2 (X-squared=12.578, df=2, p-value=0.0018, see Table 2 ). Table 2 ). With increasing LSR the individuals moved shorter move steps, covered shorter distances and the speed decreased. The proportion of pauses, while the individual is resting, is not different in-between the three setups (X-squared=1.266, df=2, p-value=0.531). The detailed information from Table 1 and Table 2 was used to look for correlations between the dispersal performances with the morphological data on sex, body length, body weigth of the individuals. Comparing the different categories with each other, no correlations could be found (except for the closely connected parameters body length and body weight, Spearman-Rho=0.551, α=0.05, two-sided). Female and male beetles did neither cover different distances overall setups (Kruskal-Wallis chi-squared=2.1845, df=1, p-value = 0.1394), nor in the three specific setups. The inner variability within the group of the individual beetles was very high (Kruskal-Wallis chi-squared=1084.194, df=18, p-value < 2.2e-16). Fig. 2 gives an impression of the characteristical beetles' dispersal activities in the three setups control, LSR1 and LSR2. In Fig. 2a -c, the pathways of the representative individual no.1 in the three setups are given: in (a) the beetle moves longer distances than in the Fig. 2b -c (see Table 2 ) and makes not many changes of direction. In Fig.  2b -c the same individual performs a movement pattern where changes in direction are more prominently and the move steps are significantly shorter (see Table 2 ). Fig. 2d-f shows the summary of all pathways of the individuals in the setups: in Fig. 2d the usage of the EMS-space looks more evenly, in Fig. 2e-f the usage of the space shows more aggregations. Fig. 3 displays the parameters covered distance and chosen direction into arranged frequency classes. In Fig. 3a -c, the covered distances appear the more often, the shorter they are. Here, to clarify the non-normal distribution types, the expected normal distributions are plotted over the classified data, and singularly occupied outlier classes are marked with asterisks.
In the control over LSR1 and LSR2 the distributions become steeper and more biased, the smaller classes are higher occupied and the amount of outliers increases. Fig. 3d-f show the classified data of the chosen directions from move step to move step of the beetles in-between the four quadrants of the full circle in each of the three setups. Although the local distributions were different from setup to setup, generally no quadrant and thus, no special move direction, was overall favored by the animals (Kruskal-Wallis chi-squared=3, df=3, p-value = 0.3916).
Net Squared Displacement of the dispersal data
After evenly dividing the whole data set into four parts, NSD was calculated as given in Fig. 4a-c . On the expectation of a linearly growing NSD, there should be a straight line spanned between the four data points with minor deviations in the upper areas [38, 46] . In none of the subfigures, a linear correlation between the successive aggregated parts of the data set and the control variable NSD is given which means, that in no setup the control variable NSD grows to some extent linearly. While in the control, NSD starts with the highest values and decreases then, LSR1 and LSR2 behave different, as they increase during the first two steps, and then, the control variable decreases.
NSD was also used to calculate the diffusion coefficient (D =R 2 n /4 × n) for the Tenebrio molitor individuals which can be equated with the dispersal of the population on the average [38, 40] . Here, D lies between 3.60 m 2 in the control, 0.42 m 2 in the setup LSR1 and 0.47 m 2 in LSR2. 
Autocorrelation of the dispersal data
The autocorrelation of the highly resolved dispersal data was calculated for every individual in every setup. In Fig. 5a -i, the typical beetle individual 1 (female) is used to depict the autocorrelation characteristics for the whole data set. Here, the autocorrelation was calculated in the trial runs, control, LSR1 and LSR2 for the morning dispersal activities only (differences in autocorrelation between females and males, and morning and afternoon sessions could not be found). As a result of the different movement activities of individual 1 in the three setups, the extent of the move steps per setup was not balanced: N for control was 103, N for LSR1 was 861 and N for LSR2 was 1202 move steps. In total, 2166 single move steps of individual 1 were used for the analysis of the autocorrelation. In the Fig. 5a -f, autocorrelation is existent, if the histograms cross the dotted control lines in the top (positive autocorrelation) or down regions (negative autocorrelation) of the charts. Fig. 5d-f , the autocorrelation for the variable move step direction is illustrated for the three setups. Here, the situation is different as autocorrelation is strongly expressed. In the control (Fig. 5d) , the parameter of the autocorrelation value shifts after few lags from medium positive autocorrelation (max. ACF-value = 0.52) to no autocorrelation (and to negative values). In the setup LSR1 (Fig. 5e) , individual 1 shows for the variable move step direction strong positive autocorrelation (max. ACF-value = 0.58) that is damped by the end of the lag row. In LSR2 (Fig. 5f ), the autocorrelation of the variable direction is very strongly expressed with a maximum ACF-value of 0.79, which is also damped by the end of lag sequence.
Due to the strong autocorrelation of the variable move step direction in the three setups, the correspondent data for individual 1 were further analysed (see Fig. 5g-i) . Here, the autocorrelation of the data was represented as a function of the grain, i.e, the variation in autocorrelation was plotted against different temporal resolutions (displayed in seconds) at which the variable move step direction was examined. For this purpose, the original data, which were sampled at a temporal resolution of two times per second, were re-sampled in such a way that the original x/y-coordinates were re-calculated for higher temporal resolutions and then again transformed to polar coordinates. Then, the resulting variable move step direction was re-calculated for all three setups at different temporal resolutions (every 5 s, 10 s, 15 s etc., see Fig. 5g-i) and plotted against the mean of the first three ACF-values per resolution. The number of different resolutions per In (a)-(f) autocorrelation is there, when the histograms cross the dashed lines. In (g)-(i), autocorrelation is displayed as function of the temporal resolution (the grain) of the dispersal quality move step direction. Each circle is a mean of the first three ACF-values. Here, the solid lines symbolise the base line where no autocorrelation is operating. single setup followed from the different N of move steps per setup. As the result of these calculations, Fig. 5g shows the strong variation of the ACF-values at different resolutions for the setup control that oscillates around a mean ACF-value of -0.07. In setup LSR1 (Fig. 5h) , the variation of ACF-values at different resolutions continues, although the values are mostly positive (mean ACF-value = 0.10). In setup LSR2 (Fig. 5i) , a clear linear trend is observable (y = -0.0219x + 0.4057; R 2 =0.78), where a high autocorrelation starting at 0.52 is stepwise decreased with increasing temporal resolution of the data.
Discussion
Since the initial study-made in the 1950s [25] -the concept of local spatial resistance (LSR) has become increasingly important when biologists discuss the influence of barriers, such as vegetation, on the dispersal of epigaic arthropods in (semi-) terrestrial systems [26, 28, 38] . On the basis of a data set on the dispersal of Tenebrio molitor individuals in complex experimental model systems (EMS) the exact impact of LSR on key quantities in micro-scale dispersal was quantified under laboratory conditions. First of all, LSR had a major impact on the dispersal activities of all individuals in the setups. Also, the biggest differences for all investigated dispersal properties, like move step direction and move step length, net displacements and autocorrelation, were always between the control on one side and the toothpick LSR-setups on the other side. The covered distances (i.e. the total length of the move steps) differ substantially between the three setups: with a median of 2.96 [m*individual that the impact of LSR leads to a reduction of the average covered distances to ca. 1/3 of the distances that are covered in the control. In terms of the totally covered distances LSR leads to a reduction of 1/2 of the control-distances. This can not be explained by putative panic behaviour of beetles that are seeking cover in the open control habitat by moving more directly towards border structures [47, 48] , because it does not explain the significant differences between LSR1 and LSR2. Rather, one can argue that exactly this qualitiy is the effect of habitats with active LSR: the animals cover less longer distances because they have to make more and shorter steps around the obstacles, which leads to a reduction of the average covered distances respectively to a reduction of the average maximum speed (from 36.1 in the control to 20.4 [mm*step −1 ] in LSR2). Thus, in areas with LSR, the animals are forced by the habitat structure to perform shorter move steps and are consequently, slowed down. Other studies on epigaic arthropod dispersal found significant differences for the observed dispersal key parameters between females and males [27, 33] , which is here not the case. Also, other commonly given statistical relations, like the correlation between size of the beetles and dispersal capacity, could not be made. A reason for this can be the heterogeneity of the data set which could not be redeemed by the large extent of the data collection (total Number of observed move steps: 46841). As a consequence, the dispersal data of Tenebrio individuals is marked by high variability between the sub-groups, many outliers, which leads in the statistical sense to non-parametric characteristics of the whole data set. This behaviour is known for other beetle families which are comparable in terms of their dispersal behaviour (for ground beetles, see: [39, 49] ). Analysis of the dispersal data with the net-squared-displacement-method (NSD, [29] ) is a standard method to reveal characteristics of correlated random walks (CRW) in the data. In this case, no hints for CRW could be found in the data as the control variable NSD does not grow linearly in any of the three setups, not even approximately. This means, that, even projected on larger scales, the data does not follow a diffusion process. The fact that the diffusion coefficent D changes strongly between the three setups (from 3.6 in the control over 0.42 in LSR1 and 0.47 in LSR2) emphasizes this results [4] . The value of D is with an average value 1.50 m 2 over all setups comparable to the known results of small invertebrates [4, 27, 39] . The calculation of the control variable NSD is done exclusively with coarse averages (see Appendix), which is a modelling attempt that can make it difficult to estimate correctly local dispersion qualities [50, 51] , especially when the data quality is heterogenous and does not follow a diffusion-controlled dispersal kernel [38] . This fact is affirmed by the exploratory data analysis which shows that the present dispersal data is not normally distributed, but instead, is stamped by big ranges, non-symmetrical distributions, high variabilities and many outliers.
Concerning the autocorrelation of the data, the analysis reveals a complex situation where the dispersal properties of move step length and move step direction behave different. In the factor move step length the autocorrelation is hardly expressed as it is known from other studies [33, 39] , and only in the setup control autocorrelation is slightly detectable. The reason for this can be the fact that the beetles performed in the control much more directed walk sensu Baars [47] with higher speed to reach the borders of the EMS which they favored over staying in the open space of the arena. In such a case, it is known from other studies [38] , that when the animals disperse longer ways rather directly with high speed and when the observation intervals are relatively close, then the distribution of move step lengths can be equidistant.
In marked contrast, the autocorrelation is strongly expressed within the factor move step direction, and there is a strong increasing trend from the setups control to LSR1 to LSR2. This means that beside increasing the number of the move steps (see above), habitats with strong LSR reduce the choices of directions that the animals have: within the observed range of the experiments the beetles were more likely to follow one trend in direction. To answer the question if and how the temporal resolution effects the autocorrelation of the dispersal property move step direction, the data was re-sampled for different temporal resolutions and the autocorrelation factor (ACF) was analysed with different temporal resolutions.
Under the focus of temporal resolution, analysis of the re-sampled move step direction data again, it becomes clear that the formerly impression of the very intense autocorrelation (and the explicit trends with it) cannot be maintained, anymore. In two trials (control and LSR1) no clear-cut connection between autocorrelation and the temporal grain can be made. Only in setup LSR2, the ACF-course is comparable with the situation before re-sampling. All three cases show the strong dependance of the variables investigated and the grain size-here: the temporal resolution-of the data which is a common ecological phenomenon [52] . As a consequence, this implies that the classical representations of epigaic beetles' dispersal [25] [26] [27] [28] 39] can be described as a species-specific sequence of short and long move steps, which are randomly or directedly distributed in the research area [39] , can not be assessed sensefully without the specification of the temporal resolution. Normally, the small extent of the animal dispersal data does not allow to investigate this connection extensively.
In the present case study, the influence of LSR on movement activities of the beetles could be identified explicitly within the experimental setups. By establishing standardized laboratory conditions it was possible to vary only one isolated factor in focus (i.e. the LSR-density) and monitor the subsequent reactions of the beetle individuals. Due to the complex mixture of biotic and abiotic factors in the nature habitats (e.g., fluctuating temperature, varying chemical and tactile stimuli), the situation in the field is much more complicated to understand. Therefore, under laboratory conditions, the results obtained can not be transferred one-to-one to the field where many factors interact with LSR and the dispersing individuals. The idea, that LSR is a phenomenon which can dominate movement and dispersal activities of terrestrial invertebrates, can only be evaluated with upcoming field measurements, which promises to be a challenging task.
